ABSTRACT. Kinesin family member C1 (KIFC1) is the only member of the minus-end-directed kinesin-14 family in human cells. In cancer cells, KIFC1 plays an essential role in bipolar spindle formation by clustering the multiple poles during mitosis. However, it has not been clearly demonstrated whether KIFC1 also functions to mediate bipolar spindle formation and to maintain genomic stability in normal cells. In this study, by using human primary lung fibroblast IMR-90 cells, we showed that KIFC1 knock-down with lentiviral KIFC1 shRNA induced 17% of cells with multiple microtubule organizing centers (MTOCs) and delayed cyclin A degradation for more than 2 hr in early mitosis. However, these cells eventually carried out mitosis, resulting in 24% of cells with lagging chromosomes and 9% of cells with micronuclei after mitosis. Karyotyping of KIFC1-depleted IMR-90 cells demonstrated that cells with various abnormal numbers of chromosomes are produced. When IMR-90 cells treated with KIFC1 or the control shRNA for 60 hr were compared, 20% less cells were observed in KIFC1-depleted cells without an obvious immediate cell death. As reported for Mad2 depletion in IMR-90 cells, KIFC1-depleted IMR-90 cells showed typical features of senescence, like senescence-associated (SA) β-galactosidase expression, when incubated 6 days or more. However, IMR-90 cells knocked down with both KIFC1 and Mad2 underwent apoptosis, suggesting that KIFC1 and Mad2 likely function in different pathways during mitosis. Taken together, we suggest that KIFC1 plays an essential role for bipolar MTOC formation and maintaining chromosomal stability in the mitosis of human primary fibroblast IMR-90.
Introduction
During mitosis, cells form bipolar spindle for equal segregation of duplicated chromosomes to maintain genomic stability. However, bipolar spindle formation is perturbed and multipolar spindles are formed when centrosomes are overproduced or fragmented. Cells with multiple microtubule organizing centers (MTOCs) are observed in various cancer cells with chromosome instability (Meraldi et al., 2002) , which cannot be monitored by spindle assembly checkpoint (SAC) (Gisselsson et al., 2010) . If cells fail to recover bipolarity, chromosome instability may happen by increasing possibility of merotelic attachment (Ganem et al., 2009) . Failure of equal chromosome segregation results in lagging chromosomes during anaphase (Cimini et al., 2002) , and small DNA-containing structures called micronuclei besides each nucleus (El-Zein et al., 2006; Rao et al., 2008) . Although it is still not well understood whether micronuclei are finally eliminated or re-enter into the main nucleus, micronuclei-containing cells often produce micronucleated cells during subsequent mitosis (Utani et al., 2010) .
Motor proteins have been reported to play important roles in bipolar spindle formation. They mediate separation of duplicated centrosomes at the entry of mitosis and bipolar spindle assembly (Walczak et al., 1998; Quintyne et al., 2005) . Eg5, a well-known plus-end directed kinesin-5 motor, plays key roles in bipolar spindle formation. Localizing between antiparallel microtubules, Eg5 controls centrosome separation by making pushing forces (Tanenbaum et al., 2008) . Minus-end directed motor dynein is also suggested to participate in centrosome separation. Being present between centrosomes, dynein pulls centrosome together (Tanenbaum et al., 2008) . In addition, dynein becomes localized at cell cortex and contributes to its lateral interactions with microtubules to control centrosome separation (Zhu et al., 2010) . Dynein on cell cortex has also suggested to control centrosome movement by shrinking microtubule tips (Laan et al., 2012) .
Kinesin-14 family is distinct from the other kinesins because it has minus-end-directed motility (Fink et al., 2009) . Ncd, the kinesin-14 in Drosophila, is well known for its role in centrosome coalescence (Basto et al., 2008) . In mammalian cells, only KIFC1 belongs to this family (Dagenbach and Endow, 2004; Lawrence et al., 2004) . Localizing on the mitotic spindle (Quintyne et al., 2005) , KIFC1 manages spindle length both in mitosis and meiosis using its sliding activity along microtubules (Cai et al., 2009) . In addition, KIFC1 mediates proper cytokinesis by organizing and stabilizing spindles (Cai et al., 2010) . Depletion of KIFC1 induced multipolar spindle and genomic instability when large-scale analysis of human kinesin esiRNA library was performed in HeLa cells (Zhu et al., 2005) . The importance of KIFC1 for bipolar spindle formation was revealed when people found that KIFC1 has an opposite role to Eg5. Eg5 inhibition results in monopolar spindle and a failure of centrosome separation, but the double inhibition of KIFC1 and Eg5 restores Eg5 knock-down phenotypes (Mountain et al., 1999) . A recent paper reported that KIFC1 is essential for the viability of certain cancer cells that contain multiple centrosomes (Kwon et al., 2008) . KIFC1 is suggested to play key roles in clustering multiple MTOCs of cancer cells, which usually show centrosome amplifications (Pihan et al., 1998) . By this function, KIFC1 maintains spindle bipolarity and finishes mitosis in cancer cells with genomic instability (Murphy, 2003) . KIFC1 has been suggested to be a good target of cancer therapy, because cancer cells are unviable when they fail to re-cluster multiple MTOCs and undergo multipolar cell division (Ganem et al., 2009) .
Regardless of its interest in cancer cells, the function of KIFC1 in bipolar spindle formation and mitotic progression is not well defined in normal human cells. In this study, we demonstrate that KIFC1 has an important role in maintaining genomic stability by regulating bipolar spindle formation during mitosis in human primary IMR-90 cells that do not have chromosome instability.
Results

KIFC1 depletion induces multiple MTOCs during mitosis in human lung fibroblast IMR-90 cells
To assess the role of KIFC1 in the mitosis of normal human cells, we first analyzed its cellular localization throughout cell cycle in primary human lung fibroblast IMR-90 cells. We fixed and co-stained cells for KIFC1, γ-tubulin, and DAPI. KIFC1 was present throughout the cytoplasm during interphase and translocated into the nucleus just before mitosis when the centrosomes were separated (Fig. 1A) . KIFC1 localized to the mitotic spindle from prophase to telophase (Fig. 1B) .
Previous studies showed that HeLa cells of KIFC1 knock-down have multipolar spindle and KIFC1 functions in centrosome clustering to prevent multipolar spindles in human MDA-MB-231 breast cancer cells (Quintyne et al., 2005; Zhu et al., 2005) . For the functional study of KIFC1, we constructed lentiviral KIFC1 shRNA as described in Materials and Methods and tested the knock-down efficiency ( Fig. 2A, Supplementary Fig. S1A ). We reassured multipolar spindle and mitotic delay in KIFC1-depleted MDA-MB-231 breast cancer cells (Supplementary Fig.  S1A ).
We then examined the expression of endogenous KIFC1 during cell cycle in the primary IMR-90 cells. IMR-90 cells infected with a GFP control virus for 60 hr were used to compare with the cells of KIFC1 knock-down by lentiviral KIFC1 shRNA. These cells were arrested by double thymidine block and were released. Immunoblots demonstrated that KIFC1 gradually accumulated and was present at the highest levels in early mitosis ( Fig. 2A, left) . During mitosis, KIFC1 began to decrease as cyclin A diminished ( Fig. 2A, left) .
We observed KIFC1-depleted IMR-90 cells with lentiviral shRNA to evaluate the function of KIFC1 during cell cycle. When cells were released from the thymidine arrest, KIFC1 expression was not observed, and cyclin A degradation was delayed by 2 hr at least ( Fig. 2A, right) : cyclin A was decreased at 11 hr after the release in control but was still presented at 12 hr after the release in KIFC1-depleted cells. When we extended the time after the release to 15 hr, we observed the decrease of cyclin A in 14 hr in KIFC1-depleted cells, demonstrating that it was delayed approximately 2 hr ( Supplementary Fig. S1A ). This result suggests that KIFC1 depletion likely delay cell cycle during early mitosis in the primary IMR-90 cells as in cancer cells. We also examined the phenotype of KIFC1-depleted IMR-90 cells. As reported in previous studies of KIFC1-depleted MDA-MB-231 breast cancer and HeLa cells (Supplementary Fig. S1B , data not shown), multipolar spindle was observed in KIFC1-depleted IMR-90 cells by γ-tubulin and centrin immunofluorescence microscopy ( Fig. 2B) . Multiple MTOCs are not always derived from multiple centrosomes (Holmfeldt et al., 2005) and non-centrosomeassociated microtubule clusters including NuMA and γ-tubulin have been reported to contribute to spindle formation (Tulu et al., 2003) . In order to confirm that each pole of the multiple MTOCs observed in KIFC1-depleted IMR-90 cells was derived from centrosomes, we examined the colocalization of γ-tubulin with centrin, a marker for centrioles (Paoletti et al., 1996) . Both γ-tubulin and centrin were detected on each spindle pole of multiple MTOCs induced by (Fig. 2C ). These data demonstrated that each pole of multiple MTOCs holds centrosome-associated microtubules in KIFC1-depleted IMR-90 cells.
When we counted the number of cells with multiple MTOCs in IMR-90 cells, 17% of the KIFC1-depleted cells displayed more than two spindle poles and γ-tubulin signals (Fig. 2D) . Since IMR-90 cells are primary, the control virus-treated IMR-90 cells did not contain any multiple MTOCs (Fig. 2D ). These observations demonstrated that KIFC1 depletion induces multiple MTOCs, not only in cancer cells but also in the primary IMR-90 cells. Taken together, these data suggest that KIFC1 is important for early mitotic progression and plays a role in bipolar spindle formation in human primary fibroblasts. 
KIFC1 depletion induces lagging chromosomes and micronuclei
Lagging chromosomes are often formed when there are defects in kinetochore-microtubule binding or merotelic attachment (Cimini et al., 2002) . It has been reported that micronuclei are often derived from lagging chromosomes (Rao et al., 2008) . A previous study suggested that KIFC1-depleted cells with misaligned chromosomes could enter the anaphase and finish mitosis in HeLa cells (Zhu et al., 2005) . Lagging chromosomes and micronuclei were observed by this cell division. Our time-lapse images using MDA-MB-231 breast cancer cells suggest that KIFC1-depleted cells with multiple MTOCs show three different fates (Supplementary Movie S1-4). In some, multiple MTOCs were clustered and reformed bipolar or pseudo-bipolar spindles, in which the multiple poles were arranged bi-directionally to segregate chromosomes into two opposite directions in two daughter cells with mitotic delays ( Supplementary Fig.  S2B , Supplementary Movie S2). In the second group, cells had multiple MTOCs and failed to form bipolar spindles but still divided into two daughter cells ( Supplementary Fig.  S2C , Supplementary Movie S3). In this case, the cells failed their attempt to fix multiple MTOCs by forming bipolar spindles or by arranging them bi-directionally, but eventually underwent cell division. As a result, these cells appeared to be torn out physically. Another very rare phenotype occurred when cells divided into more than three daughter cells ( Supplementary Fig. S2D , Supplementary Movie S4). These cells failed to bundle spindles and formed a pseudo-bipole. They eventually formed multiple daughter cells that matched the number of poles.
We then asked whether KIFC1 depletion might lead to lagging chromosomes and micronuclei in IMR-90 cells due to improper mitotic division. IMR-90 is a primary cell and generally does not produce lagging chromosomes or mitotic The knock-down of KIFC1 by shRNA was confirmed by immunoblot. Control (left) and KIFC1-depleted IMR-90 cells were arrested by single thymidine after KIFC1 shRNA or control lentiviral infection, and KIFC1 expression was examined 9-12 hr after the release. To assess the mitotic progression of these cells, cyclin A expression was monitored by immunoblot. Actin was used as a loading control. (B) The multiple MTOC phenotypes of the KIFC1-depleted IMR-90 cells were examined by immunofluorescence microscopy for α-tubulin (green) and centrin (red). The nucleus was stained by DAPI (blue). Scale bar, 10 μm. (C) The multiple MTOC phenotypes of the KIFC1-depleted IMR-90 cells were examined by immunofluorescence microscopy for γ-tubulin (green) and centrin (red). The nucleus was stained by DAPI (blue). Scale bar, 10 μm. (D) The cells from (C) with multiple MTOCs were counted (both control and KIFC1-depleted cells (right)). Cells with more than three γ-tubulin stained spots were counted for multiple MTOCs. Three independent experiments were performed, and 80 cells were counted in each experiment. defects. Control virus or KIFC1 shRNA virus-infected IMR-90 cells were arrested with thymidine treatment, released for 11-12 h, and observed by immunofluorescence microscopy. We carefully examined lagging chromosomes in KIFC1-depeleted IMR-90 cells with multiple MTOCs after immunostaining for α-tubulin and DNA. 24% of KIFC1-depleted IMR-90 cells showed lagging chromosomes in anaphase (Fig. 3A) . We also found micronuclei in KIFC1-depleted IMR-90 cells, which are the hallmark of genomic instability (Fig. 3B) . About 9% of the KIFC1-depleted IMR-90 cells contained micronuclei. Importantly, we did not observe any lagging chromosomes or micronuclei in the control virus-infected IMR-90 cells. Taken together, these data suggest that KIFC1 depletion induces lagging chromosomes and micronuclei formation, possibly by executing mitosis with an incomplete bipolar spindle.
Thus, genomic instability can be increased by KIFC1 depletion through lagging chromosomes and micronuclei in the primary IMR-90 cells.
KIFC1 is required for proper chromosomal segregation and genomic stability
Lagging chromosomes randomly move into daughter cells resulting in abnormal chromosome numbers (Tutt et al., 1999) . Because a portion of KIFC1-depleted cells exhibited lagging chromosomes and micronuclei, we suggested that KIFC1 depletion induces genomic instability. To examine the relationship between KIFC1 depletion and increased genomic instability in IMR-90 cells, we counted the number of chromosomes on the metaphase spread using a trypsinGiemsa banding technique (Pan et al., 2009) . We infected IMR-90 cells with lentiviral KIFC1 shRNA and synchronized with a single thymidine treatment. The cells were harvested at 9.5 hr after the release to maximize the number of mitotic cells. Chromosomes were stained by Giemsa and were observed under a light microscope. Fig. 3C presents the representative KIFC1-depleted or the control virustreated IMR-90 cells in metaphase, and the distribution of chromosome numbers in these cells is shown in Fig. 3D and 3E. Consistent with increased lagging chromosomes and micronuclei, the depletion of KIFC1 resulted in an increase in cells with abnormal chromosome numbers (Fig. 3E) . Almost all control cells (>95%) had normal 46 chromosomes (Fig. 3D) . However, only 46% of KIFC1-depleted IMR-90 cells contained 46 chromosomes (Fig. 3E) . In addition, KIFC1-depleted cells more often had reduced numbers of chromosomes rather than increased. Thus, KIFC1 depletion induced the gain or loss of chromosomes in the primary IMR-90 cells.
Depletion of KIFC1 in IMR-90 cells decreases proliferation and leads to senescence
A previous study demonstrated that KIFC1-depleted cancer cells undergo apoptosis, thereby suggesting KIFC1 a good anti-cancer drug target (Kwon et al., 2008) . Since genomic instability is induced in KIFC1-depleted IMR-90 cells, we examined the growth and death of these cells. We counted cell number every 12 hr for 60 hr after lentiviral KIFC1 shRNA or control virus infection. Compared to the control virus-treated cells, the number of cells in KIFC1-depleted IMR-90 was decreased by 20% (Fig. 4A) . However, when we examined the possible apoptosis of KIFC1-depleted IMR-90 cells by FACS, we could not detect any obvious evidence for cell death (Fig. 4B) . Meanwhile, the control IMR-90 cells for apoptosis (cells irradiated with UV) showed a fraction of cells with fragmented DNA content less than 2N (Fig. 4B) .
Since KIFC1-depleted IMR-90 cells showed decreased proliferation without any sign of apoptosis, we examined whether these cells undergo senescence. When KIFC1 shRNA lentivirus-treated cells were cultured more than six days after virus infection, we observed senescence-associated (SA) β-galactosidase expression in KIFC1-depleted cells. Both the cell density and the percentage of cells with SA β-galactosidase expression were continuously increased in KIFC1-depleted cells with extended culture days (Fig.  4C) . On the other hand, we could not detect any SA β-galactosidase expression in control virus-treated cells with extended culture (Fig. 4C) . This observation suggests that genomic instability by KIFC1 depletion decrease cell growth rate by leading cells to senescence, but do not immediately induce apoptosis in the primary IMR-90 cells.
IMR-90 cells normally activate spindle assembly checkpoint (SAC) with functional Mad2 expression (Amato et al., 2009) , and cell senescence was observed in Mad2-depleted IMR-90 cells (Lentini et al., 2012) . However, previous study showed that spindle assembly checkpoint (SAC) does not monitor multipolar spindle (Gisselsson et al., 2010) . KIFC1-depleted IMR-90 cells showed approximately 2 hr delay of cyclin A degradation ( Fig. 2A) , but undertook mitosis with multiple MTOCs to produce cells with lagging chromosomes and micronuclei (Fig. 3) . To understand a possible relationship between the multipolar spindle induced by KIFC1 depletion and SAC, we knocked-down both KIFC1 and Mad2, a major component of SAC, in IMR-90 cells by shRNA (Fig. 4A) . Mad2-depleted IMR-90 cells showed decreased cell growth rate, as reported previously (Lentini et al., 2012) . Unlike KIFC1-depleted or Mad2-depleted cells, cells blocked with both KIFC1 and Mad2 showed sudden drop of proliferation after 36 hr (Fig. 4A) . Our FACS analysis after Annexin V/propidium iodide staining supported that co-depletion of KIFC1 and Mad2 induces apoptosis in IMR-90 cells (Fig. 4D) . These observations suggest that genomic instability by KIFC1 depletion might not be controlled by SAC because KIFC1 and Mad2 co-depleted cells showed apoptotic event, which was not detected in KIFC1 or Mad2 single knock-downed cells. If KIFC1 and Mad2 functioned in the same pathway, the phenotype of double knock-down of KIFC1 and Mad2 would be similar to that of each single knock-down.
Discussion
Our results first verify that the depletion of KIFC1 produces multiple MTOCs and delays early mitosis in the human primary fibroblasts. We also show that KIFC1 plays an essential role in maintaining genomic stability during mitosis in the human primary cell. When KIFC1 was completely depleted, 17% of IMR-90 cells had multiple MTOCs (Fig.  2D) , strongly supporting that KIFC1 functions in bipole formation during early mitosis of the primary cell. This function of KIFC1 is consistent with a 2 hr delay prior to cyclin A degradation observed in KIFC1-depleted IMR-90 cells. However, KIFC1-depleted IMR-90 cells undergo mitosis with multiple MTOCs and thereby induce genomic instability likely due to chromosome segregation with pseudo-bipole or multiple spindle poles as monitored by live images in cancer cells. Lagging chromosomes and micronuclei observed in KIFC1-depleted IMR-90 cells are markers for chromosome instability and are correlated with multi-polarity during mitosis. Interestingly, when cell proliferation was monitored, we detected 20% decrease in cell number but no obvious cell death for 60 hr after KIFC1 depletion in IMR-90 cells (Fig. 4) . With extended incubation for six or more days, we observed typical features of senescence in these cells (Fig. 4C) . Thus, the less number of cells by KIFC1 depletion may be due to the slow-down of 2 hr delay in early mitosis and/or the diminished cell proliferation by senescence. Considering that DNA damage is a major source of cell senescence (Bartkova et al., 2006) , it is plausible that accumulation of genomic instability by KIFC1 depletion rather activates a senescence pathway than induces apoptosis.
We observed multiple MTOCs in KIFC1-depleted IMR-90 cells. Considering that IMR-90 cells are human primary fibroblasts, we assume that there is no centrosome overduplication. In fact, we could not observe any IMR-90 cells with amplified centrosomes (data not shown). In addition, most functions of KIFC1 are known in mitosis and not in centrosome duplication. Thus, the multiple MTOCs observed in KIFC1-depleted IMR-90 cells are likely due to centrosome fragmentation.
The spindle assembly checkpoint (SAC) is a surveillance mechanism that monitors the kinetochore-microtubule attachment in eukaryotes (Mansfeld et al., 2011) . IMR-90 cells normally activate SAC in response to microtubule defects with functional Mad2 expression (Amato et al., 2009) . Nevertheless, Cimini et al. suggested that merotelic attachment, which is a major cause of multipolar spindle, cannot be detected by the SAC. Cells with merotelic attachment proceed mitosis without delay (Cimini et al., 2002) . In addition, the activated SAC by kinetochore-spindle misattachment is known to be maintained for 4 to 10 hr before cells undergo apoptosis (Chin and Herbst, 2006) . However, our live cell images of KIFC1-depleted cells showed that the cells with multiple MTOCs delayed early mitosis for approximately 2 hr and underwent cell division, suggesting that SAC is unlikely to detect multipolar spindle induced by KIFC1 depletion. To further understand whether defects by KIFC1 depletion and SAC may function in the same pathway, we compared the effect of KIFC1 and Mad2 double knock-down with the knock-down of each. Unlike KIFC1-depleted or Mad2-depleted cells, apoptosis is induced in IMR-90 cells blocked with both KIFC1 and Mad2 (Fig.  4D ). This result also suggests that genomic instability by KIFC1 depletion may not be controlled by SAC. If KIFC1 and Mad2 functioned in the same pathway, the phenotype of double knock-down of KIFC1 and Mad2 would likely be similar to that of each single knock-down. Considering that depletion of both KIFC1 and Mad2 leads to apoptosis while knock-down of each produces senescent cells, apoptosis might be induced by inactivating the SAC in primary fibroblasts with genetic instability as in KIFC1-depleted cells.
Only 17% of KIFC1-depleted IMR-90 cells showed multiple MTOCs, suggesting that other motor proteins are likely function in bipole formation in the absence of KIFC1 in the primary human cell. Elucidating the mechanism of how KIFC1 mediates the control of bipolar spindle formation would require further investigation, as the mechanism of bipolar spindle formation has not been clearly defined yet. Motor proteins have been suggested to play an important role by controlling the separation of duplicated centrosomes and the spindle assembly (Walczak et al., 1998; Quintyne et al., 2005) . In particular, dynein functions in centrosome separation through its minus-end-directed motor activity by pulling centrosomes together (Tanenbaum et al., 2008) . In addition, lateral interactions between cell cortexlocalized dynein and microtubules have been reported to mediate centrosome separation (Zhu et al., 2010) . A recent study also suggested that cortex-localized dynein interacts with shrinking microtubule tips and generates forces to mediate centrosome movement (Laan et al., 2012) . Considering that KIFC1 is a minus-directed motor protein, it is tempting to speculate that KIFC1 may function similarly as dynein in centrosome separation by pulling centrosomes together in the primary cell, although the localization of KIFC1 in the cortex has not been detected yet.
Materials and Methods
Cell culture and synchronization IMR-90 cells were maintained at 37°C with 5% CO2 in MEM containing 10% fetal bovine serum, 100 units/mL of penicillin, 100 μg/mL of streptomycin, and 0.25 μg/mL of amphotericin B (Gibco). MDA-MB-231 cells were maintained at 37°C with 5% CO2 in DMEM containing 10% fetal bovine serum, 100 units/mL of penicillin, 100 μg/mL of streptomycin, and 0.25 μg/mL of amphotericin B (Gibco). Cells were synchronized by thymidine (2 mM) arrest (Roberts et al., 2002) .
Lentiviral shRNA construction and infection
The KIFC1 target sequence (5' AACGTTGGACCAAGAGAA-CCA 3') was subcloned into the pLKO.1 puro lentiviral vector (Addgene, Cambridge, MA, USA) using following primers: 5' CCGGAACGTTGGACCAAGAGAACCACTCGAGTGGTTCT-CTTGGTCCAACGTTTTTTTG 3' (forward), 5'AATTCAAAAA-AACGTTGGACCAAGAGAACCACTCGAGTGGTTCTCTTG-GTCCAACGTT 3' (reverse). The lentiviral vector for Mad2 was purchased from Sigma-Aldrich (Mission shRNA SHCLNG-NM002358). The KIFC1 shRNA virus was produced in 293T cells by co-transfection of KIFC1/pLKO.1 with pMD2.G and psPAX2 (Sigma-Aldrich, St. Louis, MO, USA). Mad2 shRNA virus was produced by co-transfecting the Mad2 vector with pMD2.G and psPAX2 (Sigma-Aldrich) into 293T cells. The transfection was carried out using linear polyethylenimine (L-PEI; Polysciences Asia-Pacific, Inc., Taipei, Taiwan). The Mission Turbo GFP vector (Sigma-Aldrich) was used to produce the GFP control virus, and the pLKO.1 puro vector was used to produce the empty vector control virus. The virus was harvested at 48 and 72 hr after transfection. IMR-90 cells were infected with the shRNA embedded lentivirus for 12 hr for protein depletion. The infection efficiency was assessed by the GFP control lentivirus. Viral titers were checked by a crystal violet stain (Campeau et al., 2009 ). The GFP virus was used as a control for immunoblots, and the empty virus vector was used as a control for immunofluorescence experiments.
Immunoblot
Cells scraped from the culture dish were washed with cold PBS and lysed for 1 hr with 1X RIPA buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin, 1 mM PMSF). The cellular extracts were then centrifuged for 20 min at 10,000 g to remove cellular debris. For immunoblots, the supernatants were mixed with 4X SDS sample buffer (250 mM Tris pH 6.8, 8% SDS, 40% glycerol, 20% β-mercaptoethanol 0.1% bromophenol blue), run on 10% SDS-PAGE gel, and blotted onto a nitrocellulose membrane. The proteins were detected with anti-KIFC1 (Abnova, Taipei, Taiwan), anti-cyclin A (Cell Signaling/ Millipore, Billerica, MA, USA), and anti-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA) antibodies. Horseradish peroxidase-conjugated anti-mouse and anti-rabbit (Jackson ImmunoResearch, West Grove, PA, USA) secondary antibodies were used.
Immunofluorescence microscopy
The cells were washed in PBS, fixed in ice-cold methanol for 5min, and rehydrated in PBS for 1min. The fixed cells were permeabilized with PBS with 0.5% Triton X-100 for 5min, blocked in PBS-BSA (PBS, 3% BSA) for 30min, and incubated with primary antibody in PBS-BSA for 1 h. Primary antibodies used were human anti-α-tubulin (1:3000, Sigma-Aldrich), anti-γ-tubulin (1:3000, Sigma-Aldrich), and anti-centrin (1:6000, Dr. Ryoma. Ohi, Vanderbilt Univ.). All primary antibodies were detected using species-specific fluorescent secondary antibodies (Invitrogen, Carlsbad, CA, USA), and DNA was detected with 0.2 μg/ml of 14,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Coverslips were mounted with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA). Immunofluorescence images were collected at 488 and 594nm on Axio Imager A2 (Carl Zeiss, Zena, Germany) using a 40× 0.75NA EC Plan-Neofluar objective lens with an AxioCam Hrc CCD camera (Carl Zeiss). The acquisition parameters and focus were controlled by AxioVision software. Cells were also observed on a Zeiss LSM 510 META laser confocal microscope (Carl Zeiss), and 0.2 μm optical sections were acquired with 40× 1.2w Korr UV-VIS-IR lens. The acquisition parameters and focus were controlled by LSM 510 software. The 405 nM wavelength generated by Diode, 488 wavelength generated by Ar laser, and 543 nm wavelength generated by a He-Ne laser.
Flow cytometry
After trypsin-EDTA treatment, cells were harvested and fixed in 70% cold ethanol. Cells were washed in PBS, treated with 100 μg/ ml RNase for 30 min in 37°C, and were stained with 0.5 μg propidium iodide (Sigma-Aldrich). To detect apoptotic cells with Annexin V, cells were washed in PBS and resuspended in 1x binding buffer (10 mM Hepes (pH 7.4), 140 mM NaCl, 2.5 mM CaCl2). 5 μl FITC Annexin V (BD biosciences, California, USA) and 0.5 μg propidium iodide (Sigma-Aldrich) were used to detect cells in apoptotic status. Flow cytometry was carried out with FACScalibur (BD biosciences) and CellQuest software.
Senescence assay
Following the manufacturer's protocol, senescence-associated β-galactosidase cell staining kit (Cell Signaling) was used to observe senescent cells. For positive control, cells were treated with 100 μM H2O2 for 2 hr (Duan et al., 2005) .
Live cell imaging
MDA-MB-231 cells were cultured on a 35-mm glass-bottom culture dish (SPL Life Science Inc., Korea). α-tubulin-EGFP was transfected with 4.5 μg of plasmid in 1.5 μl of 1 mg/ml Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were infected with the appropriate shRNA lentivirus for each target gene. GFP images were obtained using PerkinElmer UltraView spinning disk confocal microscopy on a Nikon TE2000 inverted microscope. A series of 0.2 μm optical sections were acquired every 1.5 min for 2 hr with a 40×/1.2 NA Planapochromatic objective lens. The 488 nm wavelength generated by a krypton-argon laser was selected with a Chroma 488/10 nm Bandpass excitation filter. Z-series optical sections were obtained with a Hamamatsu ORCA ER-cooled charge-coupled device camera containing 1344×1024 pixels. The cells for microscopy were enclosed within a temperature and CO2-controlled environment that maintained an atmosphere of 37°C and 5% humidified CO2.
